T
he HIV type 1 (HIV-1) reverse transcriptase (RT) catalyzes the conversion of genomic RNA into double-stranded proviral DNA after cell entry (1) , by using the RNA-and DNAdependent polymerase and ribonuclease H (RNase H) activities of the enzyme. The HIV-1 RT is an asymmetric dimer consisting of p66 and p51 polypeptides (2, 3) . The p51 subunit contains the identical N-terminal sequences as p66 but lacks the C-terminal RNase H domain. The structure of the HIV-1 RT has been elucidated by x-ray crystallography in several forms including the unliganded enzyme (4) , in complex with nonnucleoside reverse transcriptase inhibitors (NNRTIs) (5, 6) , and bound to templateprimer with (7) or without dNTP substrate (8) . The polymerase domain of the p66 subunit resembles a right hand and contains the fingers, palm, thumb, and connection subdomains, with the latter acting as a tether between the polymerase and RNase H regions (5, 8) . Although p51 has the same polymerase domains as p66, the relative orientations of these individual domains differ markedly (5, 8) . Structural analysis reveals three major contacts between p66 and p51, with most of the interaction surfaces being hydrophobic (9, 10) .
NNRTIs are chemically diverse, largely hydrophobic compounds, which comprise over 30 different classes (11, 12) . NNRTIs do not require intracellular metabolism for activity, are noncompetitive inhibitors of RT activity with respect to dNTP substrate and template͞primer, and are relatively noncytotoxic (11) . NNRTIs bind to a hydrophobic pocket close to but distinct from the polymerase active site in the p66 subunit (13, 14) and inhibit enzyme activity by mediating allosteric changes in the RT (15, 16) . Initial clinical use of NNRTIs as monotherapy and selection of drug-resistant variants in cell culture results in the rapid emergence of highly drug-resistant variants due to single amino acid changes (17, 18) in the NNRTI-binding pocket that directly affect drug binding (13, 14) . The NNRTIs currently approved for use in highly active antiretroviral therapy include nevirapine (19) , delavirdine (BHAP; ref. 20) , and efavirenz (EFV; ref. 21) .
We have previously shown that HIV-1 RT heterodimerization can be effectively monitored in the yeast two-hybrid (Y2H) system by using appropriately engineered constructs (22) . We used this system to assess the effect of NNRTIs on the ␤-galactosidase (␤-gal) readout in yeast. Several NNRTIs induced dramatic increases in ␤-gal activity, and this increase was due to enhanced association between the RT subunits as a result of a specific interaction of drug with the p66 subunit. These data document an unexpected effect of NNRTIs on HIV-1 RT dimerization and demonstrate that these drugs behave in a manner similar to chemical inducers of dimerization, compounds that bind to a target protein and promote an interaction with another protein (23) .
Materials and Methods
Antiviral Drugs. The drugs used in this study were: carboxanilides UC781, UC10, UC38, UC84 (24, 25) , Uniroyal Chemical (Middlebury, CT); EFV (21), DuPont Merck; BHAP (26) , Amersham Pharmacia and Upjohn; nevirapine (19) , Roxanne Laboratories (Redding, CT); (S)-4-isopropoxycarbonyl-6-methoxy-3-(methylthiomethyl)-3,4-dihydroquinoxaline-2(1H)-thione (HBY 097) (27) , Hoechst-Bayer (Frankfurt, Germany); and (Ϫ)-(S)-8-chloro-4,5,6,7-tetrahydro-5-methyl-6-(3-methyl-2-butenyl)imidazo [4,5,1-jk] [1, 4] benzodiazepin-2(1H)-thione monohydrochloride (8 Cl-TIBO) (28) and ␣-anilinophenylacetamide (␣-APA) (29), Janssen. All drugs were dissolved in dimethyl sulfoxide at a concentration of 10 mg͞ml for use in Y2H and in vitro assays.
Yeast and Bacterial Strains and Yeast Methods. Yeast and bacterial strains were as described (22) . Transformation of yeast, the qualitative ␤-gal colony lift assay, and the quantitative ␤-gal liquid assay were as described (22) .
Construction of HIV-1 RT Fusions in Yeast Expression
Vectors. The construction of p66SH2-1, p51SH2-1, p66GADNOT, p51GADNOT, and p51ACTII, which express the wild-type (wt) p66 and p51 fusion proteins lexA 87 -66, lexA 87 -51, Gal4AD-66, Gal4AD-51, and Gal4AD-hemagglutinin (HA)-51, respectively, were as described (22) . p66L234ASH2-1 (encoding lexA 87 -66L234A) was made by cloning the PCR amplification product from the RT region of p66AlaL234ALex202 (22) into the BamHI-SalI sites of pSH2-1. p51234ACTII (encoding Gal4AD-HA-51L234A) was constructed by subcloning the p51 BamHI-SalI fragment from p51234GADNOT (22) into pACTII. p66W401ASH2-1 (encoding lexA 87 -66W401A), p51W401AACTII (encoding Gal4AD-HA-51W401A), and p51W401AGADNOT (encoding Gal4AD-51W401A) were made by PCR amplification of the RT region from plasmid pALRT-78S(A402) (a gift from John McCoy, Genetics Institute, Cambridge, MA) and cloned into the BamHI-SalI sites of pSH2-1, pGADNOT or the BamHI-XhoI sites of pACTII. p66Y181CSH2-1 containing the Y181C mutation in p66 of the lexA 87 -66 fusion protein was prepared by site-directed mutagenesis using the Gene Editor Kit (Promega) according to the manufacturer's protocol.
Construction of HIV-1 RT Fusions in Bacterial Expression
Vectors. The wt and p66 mutants (either L234A or W401A) were cloned into the SphI-BglII site of pQE-70 (Qiagen, Chatsworth, CA) (22) . Glutathione S-transferase-tagged p51 (GST-p51) and mutants containing either the W401A or L234A substitutions were constructed by cloning the p51-encoding fragments into the BamHI-SalI site of pGEX5X-3 (Amersham Pharmacia) (22) .
Y2H RT Heterodimerization Assays for Measuring Effect of NNRTIs on
␤-gal Activity. CTY10-5d-transformed constructs expressing p66 bait and p51 prey fusions were grown overnight to stationary phase in synthetic complete medium without histidine and leucine and containing 2% glucose (SC-His-Leu). Media (2.5 ml) with or without drug were inoculated with 0.0125-0.25 OD 600 of CTY10-5d. Yeast were grown with aeration at 30°C to OD 600 ϭ 0.5. The equivalent of 1 OD 600 unit was pelleted for each treatment and subjected to a quantitative ␤-gal liquid assay.
Coimmunoprecipitation of p66 and p51 in Yeast Lysates. Cultures (30 ml) containing no drug, EFV, or UC781 and 0.1 OD 600 ͞ml of CTY10-5d expressing p66 bait and p51 prey fusions were grown in SC-His-Leu to OD 600 ϭ 0.5 at 30°C. Cells were normalized to 12 OD 600 and washed with 10 ml of 10 mM Tris (pH 7.5) and 1 mM EDTA. Preparation of protein extracts and immunoprecipitation were as described (30) except for the use of anti-HA.11 mAbs (clone 16B12; Covance, Princeton, NJ) and Protein G-PLUS agarose beads (Santa Cruz Biotechnology). Samples were resolved by SDS͞PAGE. The lexA 87 -66 fusion protein was probed by using mAbs 7E5, which specifically detect p66 (31) .
In Vitro Heterodimerization in the Presence of NNRTIs. The heterodimerization of bacterially expressed wt p66-His and GSTp51 (or mutants) was assessed in bacterial lysates as described (22) . To determine the capacity of EFV to bind to a particular RT subunit, 500-l reactions in lysis buffer (without Nonidet P-40) (22), 5 g of p66-His, 5 g of GST-p51, or no recombinant protein (total protein concentration was 0.8 g͞ml in each reaction) were incubated overnight at 4°C with increasing concentrations of EFV. Lysates were washed four times with lysis buffer by using a centricon-YM-50 filter device (Millipore) to remove unbound drug. The corresponding RT subunit (5 g) was applied to the washed lysates (in 500 l) and incubated for 1.5 h at 4°C. Heterodimers were captured onto beads (22) , resolved by SDS͞PAGE, and detected by using RT antibodies (mAb 5B2) (31) .
Results
Enhancement of ␤-Gal Activity by NNRTIs. To test the effects of NNRTIs on the association of the RT polypeptides, we used a yeast genetic assay that measures RT heterodimerization (22) . In this assay, yeast expressing the p66 subunit of the HIV-1 RT fused to the C terminus of lexA 87 (lexA 87 -66) and the p51 subunit fused to the Gal4AD (Gal4AD-51) constitutively interact, resulting in the activation of the expression from an integrated Lac Z reporter gene. To test for the effects of the NNRTIs on this interaction, 10 drugs representing seven different NNRTI classes were added to the culture medium during growth of the yeast, and ␤-gal levels were determined. Of the 10 NNRTIs tested, nine demonstrated a dramatic concentration-dependent enhancement of ␤-gal activity compared to cells not treated with drug ( Fig. 1 A and B) . No significant toxicity, as determined by the growth rate, was observed for the drug concentrations tested compared to untreated controls (results not shown). EFV was the most potent of the compounds, mediating a 40-fold increase in ␤-gal activity at the highest drug concentration tested ( Fig.  1 A) . The carboxanilide UC781 was the second most potent drug, followed by UC10 and a quinoxaline, HBY 097 ( Fig. 1 A and B) . The remainder of the NNRTIs were less potent but still displayed 8-to 10-fold increases in ␤-gal activity at the highest concentrations tested ( Fig. 1 A and B) . In contrast delaviridine was devoid of ␤-gal enhancing activity ( Fig. 1 A) .
Enhancement of ␤-Gal Activity by NNRTIs Is Specific for RT Heterodimerization. The specificity of the ␤-gal enhancement by NNRTIs was investigated. Yeast transformed with the empty vectors pSH2-1 and pGADNOT, which express lexA 87 and Gal4AD, respectively, were treated with serial dilutions of the most potent ␤-gal enhancing drug, EFV. We observed no increase in ␤-gal activity even in the presence of 15 M of drug (data not shown). The capacity of EFV to enhance ␤-gal activity of several unrelated protein-protein interaction pairs, including Moloney murine leukemia virus reverse transcriptase with elongation factor release factor 1 (M.O., unpublished data), also was examined and no enhancement or inhibition of ␤-gal activity was observed.
The Y181C mutation in the p66 subunit of the HIV-1 RT confers more than a 100-fold increase in resistance to nevirapine (17) . This mutation directly affects drug binding (13, 14) . To further establish the specificity of the ␤-gal enhancement by NNRTIs, Y181C was introduced into the plasmid encoding the lexA 87 -66 fusion protein. Yeast were cotransformed with various pairs of plasmids and grown in the presence of nevirapine. The presence of the Y181C change in the p66 bait totally negated the enhancement effect by nevirapine (Fig. 2) . In contrast, a significant level of ␤-gal enhancement was still retained in the presence of EFV (results not shown), consistent with the low level of resistance conferred by Y181C to this drug. These data provide compelling evidence that the ␤-gal enhancement effect is due to a specific interaction of nevirapine with the p66 subunit of the HIV-1 RT.
NNRTIs Can Enhance ␤-Gal Activity of Dimerization Defective Mutants.
Previous studies have shown that the L234A mutation in HIV-1 RT abrogates RT dimerization (22, 32) . Other studies on the role of the tryptophan repeat motif (codons 398-414), present in the connection subdomains of both subunits, showed that the W401A mutation also diminishes RT dimerization in the Y2H assay (G.T., unpublished data). We investigated the effect of the NNRTIs, EFV, and UC781 on the ␤-gal enhancement effect on these dimerization defective RT mutants. Of interest, yeast treated with EFV and expressing the W401A change in one or both subunits showed a dramatic increase in ␤-gal activity compared to no drug (Fig. 3A) . ␤-gal activity in yeast expressing the W401A mutation in both subunits was 100-fold greater in the presence of 1.6 M EFV as compared to no drug (Fig. 3A) . UC781 could also enhance the ␤-gal activity of yeast expressing W401A in both subunits (results not shown). It should be noted that, although the mutants displayed large increases in ␤-gal activity, the actual activity (displayed on the top of each bar) did not significantly exceed that observed with wt RT grown in the presence of EFV.
The effect of EFV on the dimerization defective mutant L234A also was examined. EFV enhanced ␤-gal activity in yeast expressing RT bait and prey fusions with L234A in one or both subunits (Fig. 3B) . The fold increase in ␤-gal, however, was less than with the W401A mutant (Fig. 3A) . In contrast, UC781 conferred no enhancement on yeast expressing the L234A mutant (results not shown). As residue 234 is part of the NNRTI-binding site (13) , and may make contact with UC781 (33), it is possible that UC781 does not bind to the L234A mutant. These data indicate that NNRTIs also are able to suppress the defects in assembly caused by two mutations when they can bind to those mutant enzymes.
Coimmunoprecipitation of Heterodimer from Yeast Lysates Shows
Enhancement of Dimer Formation in the Presence of Drug. Experiments suggest that neither an increase in steady-state protein levels of bait-prey fusions in yeast nor an increase in nuclear localization of the drug-heterodimer complex explain the observed enhancement of ␤-gal activity by NNRTIs (results not shown). To directly test for induced heterodimerization by NNRTIs, we subjected lysates from yeast expressing dimerization defective mutants to coimmunoprecipitation. Yeast expressing both p66 bait and p51 prey fusions containing the W401A mutation (lexA 87 -66W401A and Gal4AD-H A-51W401A) or the L234A change (lexA 87 -66L234A and Gal4AD-HA-51L234A) were grown in the presence of EFV (1.6 M), UC781 (16 M), or no drug. HA antibodies were used to immunoprecipitate the p51 prey, and the presence of any bound p66 bait was then detected by using anti-p66-specific antibodies. For coimmunoprecipitation of the p66 bait fusions, samples were divided into two with one part processed without added NNRTI whereas the other was maintained in drug at the same concentration used during growth of yeast. Yeast grown in the absence of drug also was processed without drug or in the presence of 1.6 M EFV. A clear increase in the amount of lexA 87 -66W401A and lexA 87 -66L234A associated with the p51 prey was observed for yeast grown in the presence of EFV compared to no drug (Fig. 4 A and B) . Similar experiments with yeast grown in UC781 revealed heterodimer formation for yeast expressing the W401A mutant but not for the L234A mutant; these data corresponding to the levels of ␤-gal activity in the cells (Fig. 4 A and B) .
We observed no significant difference in the amount of coimmunoprecipitated p66 bait in the absence or presence of drug, indicating that the heterodimer was stable under the conditions of the assay. Of interest, there was significantly more heterodimer present in yeast lysates obtained from cells grown in the absence of drug to which EFV was added during the coimmunoprecipitation procedure for the W401A mutant (Fig.  4A ). These data suggest that some heterodimer formation could occur in vitro. Levels of mutant p66 bait and p51 prey fusions present in the original lysate from yeast grown in the absence and presence of drug were similar, indicating that the increase in coimmunoprecipitated p66 bait in the presence of drug was not due to increased levels of fusion proteins. It is clear from these experiments that NNRTIs tested do act by inducing heterodimerization of p66 and p51 in the Y2H assay and that the increased dimer formation correlates with the increase in ␤-gal activity.
EFV Enhances the Association of wt and Mutant p66 and p51 in Lysates in Vitro.
To explore whether NNRTIs could enhance dimerization in vitro, bacterial lysates containing either p66-His or GST-p51 were prepared and combined in the presence of increasing concentrations of EFV. In the absence of inhibitor a small amount of dimer was present as indicated by detectable amounts of p66-His. A concentration-dependent increase in dimer formation was observed in the presence of increasing concentrations of EFV (Fig. 5) . The enhancement effect of EFV on the L234A and W401A mutants also was assessed. Bacterial lysates separately expressing p66L234A-His and GST-p51L234A or p66W401A-His and GST-p51W401A were combined as above and incubated in the presence of increasing concentrations of EFV. A significant increase in dimer formation was observed in the presence of a 10-fold molar excess of EFV for the W401A mutant (Fig. 5) . A 100-fold molar excess of EFV over RT was required to induce detectable enhancement of dimerization of the L234A mutant (Fig. 5) . These data are consistent with the coimmunoprecipitation experiments and indicate that the enhancement of dimerization by EFV is due to its specific interaction with the HIV-1 RT and not dependent on the fusion proteins used in the Y2H assay nor on components present in the yeast cells in vivo.
Other NNRTIs Enhance Heterodimerization of RT Subunits in Vitro. We extended our in vitro study by testing the remaining NNRTIs for their capacity to enhance the dimerization of GST-p51 and p66-His in vitro. Consistent with our Y2H data, we observed that EFV was the most potent enhancer of dimerization. The relative in vitro potencies of the other NNRTIs correlated well with their ␤-gal enhancing effect in yeast ( Fig. 1 and 6 ). In contrast, UC781 and UC10 were poor dimerization inducers in bacterial lysates compared to their ␤-gal-enhancing activities. The low dimerization enhancement activity of these drugs may be a function of both their poor solubility and the conditions of the in vitro assay (which was performed at 4°C). In contrast, the conditions of the yeast assay, which was carried out at 30°C with agitation, may have facilitated solubilization of UC781 and UC10. Of interest, Western blot analysis of HIV-1 RT heterodimers formed in the presence of EFV in vitro. Bacteria expressing either wt p66-His and GST-p51, or dimerization defective mutants were induced, and lysates were prepared. Lysates were mixed and incubated overnight at 4°C with or without drug and dimers were captured by binding to glutathione Sepharose 4B beads. Heterodimer bound to beads were resolved by SDS͞PAGE and proteins detected by probing with anti-RT mAbs.
Fig. 6.
Western blot analysis of HIV-1 RT heterodimers formed in the presence of NNRTIs in vitro. Bacterially expressed proteins p66-His and GSTp51 were combined in the presence of 1-to 1,000-fold molar excess of drug and incubated overnight. Heterodimers were captured and detected as described in the legend of Fig. 5 .
BHAP also was inactive in vitro, indicating that the lack of effect in yeast was not a result of the inability of this drug to penetrate the cells.
EFV Enhances Heterodimerization by Binding to p66-His but Not
GST-p51. To help elucidate the mechanism by which EFV enhances heterodimerization we assessed whether this drug could bind to either p66-His or GST-p51. Bacterial lysates expressing p66-His, GST-p51, or no recombinant protein were preincubated in the absence or presence of increasing concentrations of EFV. Unbound drug was removed from the lysates by a series of washes, and the presence of any remaining drug was assayed by the addition of the cognate RT subunit. p66-His and GST-p51 was added to a washed mock bacterial lysate to assess the efficiency of EFV removal. When p66-His was preincubated with EFV we observed enhancement of dimerization with subsequently added GST-p51 at all drug concentrations (Fig. 7) . This enhancement was similar to controls in which p66-His and GST-p51 were simultaneously combined with various drug concentrations (Fig. 6) . A 100-fold reduction in the potency of heterodimerization compared to p66-His preincubated with EFV was observed in the washed mock bacterial lysate (Fig. 7) . GST-p51 preincubated with drug, washed and then subjected to the functional heterodimerization assay displayed the same pattern of heterodimerization observed for the drug-treated mock bacterial lysate. These data indicate that EFV binds tightly to p66-His but not GST-p51 and that this binding then promotes heterodimerization with subsequent added GST-p51.
Discussion
In this study, we report a previously undescribed property of certain NNRTIs: their capacity to enhance heterodimerization of the p66 and p51 subunits of the HIV-1 RT. This effect was observed both in the Y2H system, detecting dimerization of p66 and p51 by using ␤-gal activity as a readout, and confirmed in coimmunoprecipitation experiments. The phenomenon also was observed in vitro by using bacterially expressed GST-p51 and p66-His, showing that it is not specific to yeast. NNRTIs also were able to induce the dimerization of the interaction defective mutants L234A and W401A. Furthermore, EFV can bind tightly to p66-His and then subsequently promote heterodimerization. Our data indicate that NNRTIs have properties similar to conventional chemical inducers of dimerization in their capacity to enhance the interaction between two proteins. As the interaction between p66 and p51 occurs naturally and the effect of the NNRTIs is to enhance this interaction, then these small molecules are best described as chemical enhancers of dimerization.
Correlation Between In Vitro and In Vivo Enhancement of Hetero-
dimerization by NNRTIs. The most potent ␤-gal enhancing NNRTIs in the Y2H RT dimerization assay were EFV, UC781, and HBY 097. These drugs are second generation NNRTIs that are also extremely potent inhibitors of HIV-1 replication in vitro (21, 25, 27) . EFV and UC781 differ from the other NNRTIs in that they bind very tightly to the RT heterodimer and exhibit very slow dissociation rates (K off ) (34, 35) NNRTIs bind in a hydrophobic pocket at the base of the p66 thumb subdomain, which is proximal to (Ϸ10 Å) but distinct from the polymerase active site. It is clear that the size of the NNRTI-binding pocket is small compared to the extensive dimer Fig. 7 . Western blot analysis of heterodimer formation after pretreatment of one of the subunits with EFV. p66-His, GST-p51, and M15 bacterial lysate were preincubated in the absence or presence of 10-to 1,000-fold molar excess of EFV. Lysates were washed, and the presence of residual EFV was assayed by the addition of GST-p51, p66-His, or both subunits. Heterodimers were captured and detected as described in the legend of Fig. 5 . interface (Fig. 8) . No strong correlation was found between the extent of the p66͞p51 interface (36, 37) in the structures of the HIV-1 RT in complex with several NNRTIs and the drug concentration mediating a 5-fold enhancement of ␤-gal activity. Thus, the NNRTI effect on heterodimerization is not a simple function of the surface area buried at the interface, and NNRTIs may affect dimerization by other mechanisms in addition to modulating the extent of the contacts. The position of the drug in the pocket and the degree of NNRTI interaction with the p51 subunit were found to vary significantly among the different RT͞NNRTI complexes (Fig. 9) , and the changes in the vicinity of the bound NNRTIs also may play a role in heterodimer formation.
Binding of EFV to RT is accompanied by conformational changes in the binding pocket region, and these changes (including at Leu-234) (38) , may also influence dimer formation. BHAP is the longest NNRTI inhibitor, and a portion of it protrudes outside the NNRTI-binding site causing the largest distortion of the p66 subunit of any of the NNRTIs studied to date (39) . BHAP binds the furthest away from the p66͞p51 interface (closest distance between BHAP and p51 is 5.1 Å compared to 3.8 Å for UC781) (Fig. 9) . The unique characteristics of the interaction of BHAP with HIV-1 RT suggest that this NNRTI may bind to p66 in a distinctive way that does not favor the enhancement of dimerization.
We compared the relationship between the RT inhibitory activity of the NNRTIs in an exogenous RT assay (50% inhibitory concentration) and the concentration of drug that mediates a 5-fold increase in ␤-gal activity in the Y2H assay. EFV was the most potent in both assays whereas UC38 was the least active (results not shown). Examination of the data revealed a fair correlation (r ϭ 0.6) between these two parameters, suggesting a relationship between the ␤-gal enhancement effect and RT inhibitory activity in vitro.
Potential Mechanisms for NNRTI Enhancement of Dimerization. How might the NNRTIs enhance heterodimerization? One possible model involves NNRTI binding directly to the p66 monomer. Drug binding to monomeric p66 may stabilize a conformation that is more conducive to heterodimer formation, and a more potent NNRTI may effectively increase the concentration of p66 in a conformation that promotes dimerization. Alternatively, EFV may cause the p66 monomer to have a conformational flexibility that allows this subunit to more readily undergo structural changes necessary for dimerization. A second model would entail NNRTIs binding only to the heterodimer and as a consequence stabilizing the dimer. The binding could shift the equilibrium toward the dimer. Our data suggest that EFV binds tightly to p66. However, as bacterially expressed p66 comprises a population of monomers and homodimers, it is unclear whether GST-p51 is binding directly to monomeric p66 complexed with drug or is exchanging with one p66 subunit in the drug bound homodimer. Elucidation of the exact mechanism of NNRTI induced enhancement of dimerization will require further studies.
Our findings may have biological significance in terms of effects on virus replication. Drug binding to p66 could potentially modulate the interaction between Pr160
GagPol precursors, which may affect regulation of HIV-1 protease-specific cleavage of this polyprotein. Further, the Y2H RT dimerization assay can potentially be used to screen for NNRTIs with the capacity to bind and mediate the appropriate conformational changes in the p66 subunit that results in enhanced binding to p51. It is possible that novel allosteric inhibitors of RT may be selected by using this assay.
